Quantitative fl uorescence-based methods have been developed to determine the nuclear concentration of polyamide-fl uorescein conjugates in cell culture. Confocal laser scanning microscopy and fl ow cytometry techniques are utilized to plot calibration curves, from which the nuclear concentration can be interpolated. Upon treatment with polyamide, the concentration in the nucleus of live HeLa cells is calculated to be between 0.1-0.5 μM, which is signifi cantly lower than the 2 μM dosage concentration. In contrast, the observed nuclear concentration in U251 cells is closer to the dosage concentration, indicating a cell line-specifi c increase in uptake for this class of compounds. Although confocal microscopy and fl ow cytometry generate disparate values, taken together these experiments suggest that the polyamide concentration inside the cell nucleus is lower than it is outside the cell.
Introduction
Hairpin pyrrole-imidazole polyamides are synthetic ligands that target predetermined DNA sequences with affi nities comparable to those of naturally occurring DNA-binding proteins. 1, 2 These cell-permeable small molecules have been shown to localize to the nucleus of living cells [3] [4] [5] [6] [7] and regulate endogenous gene expression. [8] [9] [10] [11] [12] Polyamides selectively bind in the minor groove of DNA according to a set of "pairing rules," where each heterocyclic ring pair targets a specifi c Watson-Crick base pair. 1, 2 The antiparallel pairing of N-methylpyrrole (Py) and N-methylimidazole (Im) aromatic rings targets the C•G base pair, while Im/Py discriminates G•C. [13] [14] [15] [16] The Py/Py pair recognizes A•T and T•A, while chlorothiophene can be paired with Py to distinguish T•A at the N-terminus. 17 Polyamide-small molecule conjugates have been utilized in a number of applications. [18] [19] [20] [21] In particular, with laser microscopy it is possible to visualize the uptake of polyamide-fl uorophore conjugates as they traffi c unaided to the nucleus of live cells. [3] [4] [5] [6] This advance has helped to usher in an era of gene regulation. [8] [9] [10] [11] Traditionally, we have used a qualitative scoring system to rate the extent of nuclear localization in cell culture. 5, 6 Upon incubation with polyamide and direct imaging of cells, the fl uorescence intensity in the nucleus is compared to that in the medium. Positive scores are assigned when the nuclear staining exceeds that of the medium. The degree of nuclear localization varies across polyamide design, fl uorophore selection, and cell type. [3] [4] [5] [6] Quantitating the polyamide concentration within the cell nucleus would be an improvement over the current "yes/no" rating, thus creating a digital readout of cellular uptake.
Our quantitative approach utilizes two different fl uorescent imaging technologies.
First, with confocal laser scanning microscopy, we can compare images of cells to images of calibration standards containing known polyamide concentrations, then interpolate to determine the nuclear concentration in the cell. Next, we can corroborate this value with additional evidence from fl ow cytometry. Here, the fl uorescence of live cells is compared to a calibration curve built using beads functionalized with known amounts of fl uorophore, 41 yielding the interpolated number of fl uorophores per cell. Taken together, these values provide a numerical range that is not apparent from previous qualitative experiments. In this study, we investigate the nuclear concentration of two polyamide-fl uorescein conjugates in two cell lines using confocal laser scanning microscopy and fl ow cytometry.
Polyamide synthesis
For these experiments, we wanted to examine polyamide-fl uorescein conjugates that traffi c strongly to the nucleus of live cells (Figure 3 .1). Polyamide 1 specifi cally targets the DNA sequence 5'-WTWCGW-3' with an equilibrium association constant of 3.8×10 9 M -1 , while polyamide 2 binds 5'-WGGWCW-3' with an affi nity of 6.3×10 9 M -1 ( Figure 3 .2).
For these molecules synthesized with Boc-β-Ala-PAM resin, the 1,3-diaminopropane (C 3 ) linker is used to connect the polyamide and fl uorescein moiety.
Polyamides 1 and 2 show positive nuclear localization in HeLa and U251 cell culture by confocal laser scanning microscopy ( Figure 3 .1). In each of these images, the nuclear staining exceeds that of the medium, and all are qualitatively rated as + +. 5, 6 Furthermore, conjugate 1 binds to the hypoxia response element (HRE) and inhibits vascular endothelial growth factor (VEGF) expression in HeLa cells by quantitative RT-PCR, while the mismatch control compound 2 does not downregulate gene expression (Figure 3 .2).
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Steady-state fl uorimetry
Fluorescence enhancement is observed when polyamide-fl uorophore conjugates bind DNA. [22] [23] [24] [25] When in solution, the fl uorescence of the conjugate is largely quenched, but, upon DNA binding, sequestration of the polyamide in the minor groove restores fl uorescence. The fl uorescence enhancements of polyamides 1 and 2 were 14-and 36-fold, respectively, as determined by steady-state fl uorimetry ( θ norm values were calculated according to published methods. 28 (B) Quantitative RT-PCR data for 1 and 2 in HeLa cells induced with deferoxamine (DFO). [8] [9] [10] The fi nal concentration of compound 1 was 0.2 μM or 1 μM. The fi nal concentration of compound 2 was 1 μM. 16 ,000,000 14,000,000 10,000,000 12,000,000 8,000,000 6,000,000 4,000,000 2,000,000 0 16,000,000 14,000,000 10,000,000 12,000,000 8,000,000 6,000,000 4,000,000 indicates that the fl uorescence in the cell nucleus is signifi cantly lower than that of the medium. The image of the "dark" nucleus implies that the nuclear concentration is lower than the dosage concentration.
Confocal microscopy
For the fi rst quantitative approach, the fl uorescence of cells was compared to the fl uorescence of calibration standards containing known polyamide concentrations, using images taken with a confocal laser scanning microscope. After building a linear calibration curve with the known concentration values, the nuclear concentration in the cell was 
Comparison of methods
For each polyamide and cell line explored here, the confocal microscopy method produces a higher calculated nuclear concentration value than the fl ow cytometry method.
For instance, at the 2 μM dosage level in HeLa cells, the polyamides exhibit 0.3-0.5 μM nuclear concentration by confocal microscopy, as compared to 0.09-0.14 μM by fl ow cytometry. However, both methods support the observation that U251 cells allow increased uptake of polyamide-fl uorescein conjugates relative to HeLa cells. Overall, the calculations suggest that the concentration in the nucleus is much lower than that in the external medium. This is the opposite of what one might expect upon seeing brightly fl uorescent cell nuclei with a dark background. fractions yielded the polyamide conjugates 1 and 2, which were characterized as described above. Extinction coeffi cients were calculated according to standard protocols. 28 Chemicals not otherwise specifi ed were from Aldrich.
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γ-PyImPyPy-β-C 3 -FITC (1). 3.7.4. Confocal microscopy. For confocal microscopy experiments, cell lines were trypsinized (Mediatech) for 5 min at 37°C, centrifuged for 10 min at 4°C at 100×g, and resuspended in fresh medium to a concentration of 1.33×10 5 cells/mL. 5, 6 Incubations were performed by adding 150 μL of cells into culture dishes equipped with glass bottoms for direct imaging (MatTek). Cells were grown in the glass-bottom dishes for 24 h. The medium was then removed and replaced with 147 μL of fresh medium, followed by addition of 3 μL of the 100 μM polyamide solution for a fi nal polyamide concentration of 2 μM.
Cells were incubated in a 5% CO 2 atmosphere at 37°C for 12-14 h. Imaging was performed with a 40× oil-immersion objective lens on a Zeiss LSM 5 Pascal inverted laser scanning microscope. Polyamide-fl uorescein conjugate fl uorescence and visible-light images were obtained using standard fi lter sets for fl uorescein. 5, 6 12-bit images were analyzed using Zeiss LSM and ImageJ software. Calibration standards were prepared from the 100 μM primer 5'-CTGGCACGACAGGTTTCCCGAC-3' was used to amplify plasmid pCFH6 as previously described. 28 pGL-VEGF-Luc was 5'-end-labeled and amplifi ed as previously described. 8, 9 PCR products (5'-end-labeled, 291 bp for pCFH6, 197 bp for pGL-VEGFLuc) were isolated according to standard protocols. 28 Quantitative DNase I footprint titration experiments were performed on the 5'-32 P-end-labeled PCR products of plasmids pGL-VEGF-Luc and pCFH6 with polyamides 1 and 2, respectively, according to standard protocols. 28 Radiolabeled DNA was equilibrated with polyamide solutions for 14-16 h at 22°C in a buffer of 10 mM Tris-HCl, 10 mM KCl, 10 mM MgCl 2 , and 5 mM CaCl 2 at pH 7.0 prior to DNase I cleavage. Chemical sequencing reactions were performed according to published methods. 31, 32 
